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Abstract 
The TiO2-pillared montmorillonite nanoparticles (TiO2-Mt) were prepared by the sol-gel method, then 
applied for the elimination of dyes in solution: CI Direct Yellow 106 (DY106) (azo dye) and CI Disperse 
Violet 1 (DV1) (anthraquinone dye) by the sonocatalytic, photocatalytic and sonophotocatalytic process-
es, in order to test the efficiency of photocatalysts, while photolysis, sonolysis, and sonophotolysis tests 
have been done previously. The photocatalysts (TiO2-Mt) were characterized by X-ray Diffraction 
(XRD), X-ray Fluorescence analysis (XRF), Brunauer-Emmet-Teller (BET), Scanning Electron Micros-
copy (SEM) methods, thermal and thermogravimetric analysis (TG/DTA) and the zero load point 
(pHpzc). Aqueous solutions of dye of an initial concentration (50 mg/L), in the presence of 1 g/L of photo-
catalyst, were irradiated using a mercury lamp (Hg) of 40 Mw/cm2 and put in contact with an ultrason-
ic probe with a frequency of 20 kHz and a power of 750 W, providing the ultrasound. The results ob-
tained indicate that a weak, good and better dye degradation rate has been observed successively by 
the application of the sonocatalytic, photocatalytic, and sonophotocatalytic processes, where the latter 
has shown a synergistic effect, while the photocatalyst TiO2-Mt/MW showed significant efficiency dur-
ing the degradation, due to the beneficial effect of the microwave calcination mode. Copyright © 2020 
BCREC Group. All rights reserved 
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1. Introduction 
Environmental pollution has become a major 
concern due to municipal and industrial dis-
charges. The elimination of these requires effec-
tive and profitable solutions, especially in the 
case of industrial effluents containing various 
toxic organic compounds [1]. 
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The textile industry is known as one of the 
largest industries consuming water and contrib-
utes to the discharge of wastewater into water-
courses [2], containing mainly colored solutions, 
which harm aquatic life, ecosystem and human 
health (contamination of drinking water sup-
plies), due to their variety, toxicity and re-
sistance to treatment [3]. 
At very low concentrations of dyes, the color 
of the effluents is visually identifiable. This pol-
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lution prevents the penetration of light and 
thus reduces the photosynthesis of aquatic 
plants and affects their growth. Depending on 
their chemical structure and the type of chro-
mosphere, 20 to 30 types of dyes are used in the 
textile industry [4], 700,000 tones of 100,000 
types of dyes are produced worldwide every 
year, while 1 to 15% of them are found in wa-
tercourses [5]. The three main families fre-
quently used are phthalocyanine, anthraqui-
none and azo dyes. In the first position are the 
azo dyes (60% of the reactive dyes), followed by 
the anthraquinone dyes [6]. 
The treatment of colored water is a necessi-
ty to preserve environment and conventional 
methods, such as: filtration, sedimentation, ad-
sorption, and coagulation alone, do not bring 
encouraging results to the elimination of dyes 
[7,8]. Unfortunately, pollution passes to anoth-
er phase, thus leading to new dangerous prod-
ucts released into the environment [9].  
Due to the high cost of treatments, intensive 
research has been carried out to develop new 
techniques for the treatment of textile waste 
[10], new high-reliability processes have 
emerged in recent years, called advanced oxida-
tion processes (AOP), which lead to the miner-
alization of polluted water [11-13], among 
them, ultrasound are easy to use and very ef-
fective without creating new pollutants [14,15], 
but its application alone in the degradation of 
colored solutions is ineffective, whereas they 
are once combined with other AOPs [8], such 
as: sonophotocatalytic oxidation, ultra-
sound/H2O2, UV/H2O2, ultrasound/ozone, 
UV/ozone and the photo-Fenton process [16]. 
Some studies have shown a synergistic ef-
fect between photocatalysis coupled to ultra-
sound, confirmed by the reaction rate constant 
of the sonophotocatalytic process, which was 
greater than the sum of the two individual pro-
cesses [17], thus proving its effectiveness as a 
method of treating polluted toxic water [18], 
demonstrating the role of OH• entities during 
degradation. 
Additional OH•s are provided by acoustic 
ultrasonic cavitation, the latter can eliminate 
the intermediaries of the active photocatalytic 
sites, generates the shear forces, the turbulence 
and the micro-diffusion, which contribute to the 
regeneration of the active catalytic surface. 
They also increase the uniformity of the disper-
sion as well as the surface, when the catalyst or 
the pollutant are in the form of powder or ag-
glomerate. It is also capable of improving mass 
transfer towards the liquid-solid interface and 
accelerates the adsorption activity of the rea-
gent on the photocatalyst [19]. 
The degradation reaction is initiated by the 
OH• hydroxyl radicals formed through the 
combination of an h+ hole with water adsorbed 
by electron transfer by photo-oxidation. 
 
1st case: addition of the OH• radical on the or-
ganic compound R: 
(1) 
 
2nd case: elimination of a hydrogen atom 
 
(2) 
 
Reaction, accompanied by the cleavage of 
the dye molecule into two or more fragments at 
the level of a carbon-carbon bond. In recent 
years, various semiconductors have been stud-
ied as sonophotocatalysts by different research 
groups, such as: TiO2 [20-25], Ag/TiO2 [26], 
ZnO [27], Cu/ZnO [28], and CuO [29]. However, 
suspended particles create problems; their sep-
aration after use in water treatment is one of 
the difficulties encountered [30]. The TiO2 is 
the most widely used semiconductor, due to its 
physical and chemical stability, as well as its 
low cost [31,32], while its use in large-scale in-
dustrial applications has been limited, due to 
its tendency to accumulate, thus creating prob-
lems of blockage like dysfunction [33]. On the 
other hand, the efficiency of the degradation 
process by TiO2 is limited because the UV radi-
ation absorbed by the latter represents only 5 
% of the solar spectrum [34]. 
However, to overcome the recovery problem, 
the TiO2 is supported on thin films or minerals 
[35], such as: pillared interlayer clay (named 
interlayer titanium clay), which is a laminated 
structure nanocomposite material with addi-
tional characteristics [36], for example, their 
large surface area, their large cation exchange 
capacities and their layered structure [31]. 
Montmorillonite is a widely used mineral clay, 
transformed into a rigid microporous material 
by fixing its pillars by calcination. Between the 
layers of this clay, the substitution of the cati-
ons Si(IV) by Al(III) and Al(III) by Mg(II) gives 
the network a negative charge balanced by the 
cations Na(I) and Ca(II). These cations can be 
replaced by oligomers of hydroxyl-metal cati-
ons which act as pillars separating the layers 
of the network [37]. The contact between TiO2 
and pollutants is improved in the case of natu-
ral clay with the TiO2 pillar, due to its high 
photocatalytic activity and its good adsorption 
compared to pure TiO2 [38]. 
( )R OH ROH hydroxylated products+ → →
2 2( )RH OH RH H O oxidized products+ → + →
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The aim of the present study was to prepare 
TiO2-pillared clay nanoparticles, to character-
ize the catalyst by X-ray Diffraction (XRD), X-
ray Fluorescence (XRF), Scanning Electron Mi-
croscopy (SEM), Brunauer-Emmet-Teller meth-
ods (BET), thermal and thermogravimetric 
analysis (TG/DTA), and the zero charge point 
(pHPZC), as well as its application as a heteroge-
neous photocatalyst, sonocatalyst, and sono-
photocatalyst for effective degradation of the 
two dyes: C.I. Direct Yellow 106 (DY106) (azo 
dye) ) and C.I. Disperse Violet 1 (DV1). 
 
2. Materials and Methods  
2.1 Materials 
A bentonite from the (Maghnia-Algeria) 
Roussel deposit was used. TiO2-P25 originated 
from Degussa (80% anatase, 20% rutile, non-
porous). The titanium (IV) isopropoxide (97%) 
was purchased from Sigma-Aldrich. HCl was 
purchased from Cheminova and NaCl was from 
Panrea. The two dyes (azo and anthraquinone) 
were supplied by Boufarik textile industry 
(Algeria), purchased from Ciba-Geigy and used 
without further purification. The specifications 
of Direct Yellow 106 and Disperse Violet 1 are 
summarized in Table 1.  
 
2.2 Preparation of TiO2-Mt 
The TiO2-Mt photocatalyst was prepared by 
the sol-gel method, as mentioned in previous 
work by our team [39,40]. First of all, the raw 
bentonite was purified. It consisted in the re-
moval of impurities, such as: calcite, sand, and 
feldspar. An amount of bentonite was dispersed 
in 1 M NaCl solution, in order to transform it to 
homoionic sodium form. Na-Mt was obtained by 
centrifugation of the fine particles (< 2 m) re-
covered by siphonzation, while the residual 
chloride ions were removed by dialysis. 
The montmorillonite suspension obtained 
with a molar ratio of 4 for HCl/Ti and 10 for a 
Ti/Na-Mt, was maintained at 50 °C with stir-
ring for 3 h and then washed several times 
with distilled water by centrifugation. Thus the 
solid obtained was calcined at 400 °C for 3 h in 
an oven, or for 10 min in a commercial micro-
wave oven at 800 W powers. 
2.3 Characterizations 
 The XRD spectrum of the raw bentonite, 
modified clay and the synthesized TiO2-Mt 
nanocomposites was obtained using a X-ray 
diffractometer (D Philips: PW1800) with Cu-
K radiation ( = 1.5418 Å), 45 kV, 40 mA and 
at a scan rate of 0.02 °/s in the region of (0 - 50) 
2θ. The basal spacing (d) was calculated from 
the (001) reflection via the Bragg equation ( = 
2d sin θ).  The chemical composition was deter-
mined by X-ray fluorescence (XRF), using EP-
SILON 3 SERIES (PANalytical). A scanning 
electron microscopy (SEM) model JEOL.JEM-
6360, controlled by a computer, used to detect 
the morphology of the samples. The measure-
ment of the specific surface was made accord-
ing to the method B.E.T (Brunauer, Emmet 
and Teller), by adsorbing liquid nitrogen at 
77.3 K, by using a Micromeritics ASAP 2010 
apparatus. The samples were degassed for 
about 24 hours at 200 °C under vacuum. Sim-
ultaneous Thermogravimetric Analyses (TG-
DTA) were carried out using a SETARAM Lab-
sysTM TG-DTA 12 instrument. However, the 
samples were heated from room temperature to 
1200 °C, with a heating rate of 10 °C/min. 
The point of zero charge (pHpzc) of the photo-
catalysts was determined as follows: about 60 
ml of NaCl solution (0.01 M) was introduced in-
to erlenmeyer flasks and the pH was adjusted 
to 3, 4, 5, 6, 7, 8, 9, 10, and 11 using the solu-
tions of HCl (0.1 M) and NaOH (0.1 M). The 
flasks were shaken in a shaker (Edmund 
Buhler GmbH SM-30) at 150 rpm and 25 °C for 
48 h, after the addition of 0.2 g of the TiO2-Mt 
nanoparticles. The final pH of each suspension 
was measured and plotted against the initial 
pH [31]. 
 
2.4 Adsorption Experiments 
The experiments were carried out with a 
concentration of 50 mg/L of the DY106 and 
DV1 dyes, at pH of 6.3 and 1 g/L concentration 
of the two photocatalysts: TiO2-Mt/MW and 
TiO2-Mt/oven. Samples were withdrawn at reg-
ular intervals of time, centrifuged at 5000 rpm 
for 10 min and analyzed on a Shimadzu UV-
1800 UV-Visible double beam spectrophotome-
ter to determine the dye concentration, at the 
maximum wavelength of the absorption 534 
nm and 403 nm for DY106 and DV1 dyes, re-
spectively. 
 
Dyes Molecular formula max (nm) 
DY106 C48H26N8Na6O18S6 403 
DV1 C14H10N2O2 534 
Table 1. Characteristics of DY106 and DV1 
dyes. 
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2.5  Photolysis, Sonolysis, Sonophotolysis, Pho-
tocatalysis, Sonocatalysis and Sonophoto-
catalysis Experiments 
All experiments were carried out in a cylin-
drical glass reactor of 500 mL and equipped 
with a jacket, allowing the circulation of water 
to maintain the temperature at 19±1 °C. The 
source of UV radiations was produced by a 125 
W Hg lamp, which has 40 Mw/cm2 value of en-
ergy, measured by using a radiometer VLX-3W 
Digital mounted above the lamp at the same 
position as the photoreactor, corresponds to a 
wavelength of 365 nm. The ultrasonic irradia-
tion was produced by using a high intensity 
sonificator at 20 kHz and 750 W power (Vibra 
Cell Ultrasonic Processor), with a probe of 13 
mm diameter. 
1 g/L of synthesized TiO2-Mt as photocata-
lyst was added to 50 mg/L solution of the dye 
(DY106 and DV1). The resulting suspension 
was homogenized by stirring to reach the ad-
sorption equilibrium of the dyes on the surface 
of the photocatalyst in dark condition before 
exposing to the light, the ultrasound or cou-
pling of them. 
The decomposition of DY106 and DV1 dyes 
were examined for analytical samples with-
drawn from the photo-reactor at regular time 
intervals of 15 min. The samples were further 
centrifuged at 5000 rpm for 10 min and ana-
lyzed using UV-Visible spectrophotometer. 
Comparative tests were performed with TiO2-
P25 Degussa as a commercial catalyst; the ef-
fect of the calcination mode of TiO2-Mt 
(microwaves and oven), as well as the effect of 
the pH of the colored solution were also stud-
ied. 
 
3. Results and Discussions 
3.1 Characterization of the Photocatalysts 
TiO2-Mont is the pillared clay, modified by 
intercalation of TiO2 between the clay sheets. 
These clays have significantly better properties 
than base clay: high thermal stability, large 
pore opening, large specific surface, better ad-
sorptive properties and significant catalytic ac-
tivity. After adsorption of the dye molecules 
and their attachment to the TiO2 pillars, they 
will be degraded by activation of the TiO2-Mont 
particle, irradiation by ultraviolet radiation in 
the presence of ultrasonic waves. 
Figure 1 illustrates the XRD patterns of the 
raw bentonite, the modified clay and the syn-
thesized TiO2/Mt over a 2 ≤ 2θ ≤ 50 angular 
range. The basal distance of the natural clay is 
15.08 Ǻ (2θ = 5.8°), while it is 13.88 Ǻ for the 
Na-Mt (2θ = 6.5°), due to purification using 
NaCl, it is 16.36 Ǻ for TiO2-Mt/MW indicating 
the efficiency of the intercalation of TiO2 with-
in montmorillonite and 12.12 Ǻ for TiO2-
Mt/oven, thus the presence of peak of montmo-
rillonite localized at 2θ = 20° for precursor and 
Pillared clays. 
The diffraction peaks 2θ of 21°, 26.5°, 39.4°, 
50°, 60° and 68° are attributed to the quartz 
phase of the clay, as well as the peaks where 
similar characteristics were observed for Na-
Mt. Moreover, the XRD pattern of TiO2-Mt 
demonstrated a characteristic diffraction peak 
at 2θ of 25.2°, 37°, 38°, 48°, 55° and 63°, indi-
cating the presence of anatase phase [41-46], 
which were noted at the same diffraction peaks 
angle positions in the XRD pattern of TiO2-P25 
[47-48]. 
Table 2 shows the chemical composition 
analysis of the raw bentonite, sodium montmo-
Figure 1. X-Ray diffraction patterns of  a) Ben-
tonite, b) Na-Mt (reference N°. 46-1045 for 
Quartz), c) TiO2-Mt/oven and d) TiO2-Mt/MW 
(reference JCPDS No. 73-1764 for Anatase 
phase) and Réflexion (001) of Mt. 
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Figure 2. SEM image of photocatalysts, a) TiO2-Mt/oven and b) TiO2-Mt/MW (images taken at 150X 
and 2000X magnification), c) Bentonite and d) Na-Mt. 
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rillonite (Na-Mt), intercalated montmorillonite 
(TiO2-Mt) and TiO2-P25 Degussa. The major 
components contained in the raw bentonite and 
Na-Mt is SiO2, followed by Al2O3, while the ti-
tanium oxide does not exceed 0.28%. Mean-
while the TiO2 content in TiO2-Mt/MW and 
TiO2-Mt/oven was higher, of the order of 
48.80% and 46.10%, respectively, which con-
firm the insertion of the polycation. This per-
centage reaches almost 100% (99.52%) in TiO2-
P25 Degussa. 
Figure 2 shows SEM images of the pillared 
samples TiO2-Mt/oven, TiO2-Mt/MW, bentonite 
and Na-Mt. Small aggregated TiO2 particles 
are dispersed on the flat plates and the inter-
layer space of the hydrophobic and pillared 
montmorillonite, with different shapes and siz-
es are clearly seen. Thus, the SEM images for 
these pillared clays indicated that the plate-
like structure was substantially altered upon 
intercalation by the Ti-polycation. The SEM 
analysis represents the morphology, the textur-
al aspect of clays and pillared clays. All micro-
graph present aggregates; in the case of Na-Mt, 
shows larger aggregates of particles that are 
closer to each other. For TiO2-Mt/oven and 
TiO2-Mt/MW, it is clearly seen that the ag-
glomerates of titanium particles are well dis-
persed on the surface of the clay, leading to a 
regular and orderly morphology, confirming 
the good insertion of TiO2 in the interlayer 
space of clay. 
The results obtained from the BET analysis 
show an increase in the specific surface area, 
due to the purification and the cationic ex-
change with the Na+ ion, as well as the interca-
lation of the titanium polycation. It is equal to 
41.57 m2/g, 162.54 m2/g, 221.40 m2/g, 233.67 
m2/g and 54.57 m2/g for bentonite, Na-Mt, 
TiO2-Mt/oven, TiO2-Mt/MW and TiO2-P25 De-
gussa,  respectively. The thermograms (DTA) 
(Figure 3) of the two pillared clays (TiO2-
Mt/MW and TiO2-Mt/oven) have several endo-
thermic and exothermic effects. The first endo-
thermic peak located around 100 °C, is quite 
intense and clearly visible in both samples; it 
reflects the loss of moisture hygroscopic water 
(dehydration) and shows the hydrophilic na-
ture of these materials. The endothermic peaks 
of weak intensities that extend from 450 to 600 
°C correspond to the dehydroxylation of 
bridged clays [49]. 
Samples/Oxides (%) Al2O3 SiO2 Na2O MgO K2O CaO TiO2 Fe2O3 
Bent 19.01 66.97 1.13 3.95 2.56 0.85 0.21 3.98 
Na-Mt 17.24 66.10 2.75 3.92 2.95 1.23 0.28 4.24 
TiO2-Mt/MW 11.78 34.37 - 2.11 0.51 0.99 48.80 1.92 
TiO2-Mt/oven 12.05 34.89 - 2.25 0.57 0.99 46.10 2.00 
Table 2. Chemical composition of bent, Na-Mt, TiO2-Mt/oven, and TiO2-Mt/MW samples. 
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The peak of obvious exothermic nature lo-
cated around 940–950 °C is due to the destruc-
tion and recrystallization of the silicate net-
work. It confirms the thermal stability of these 
silicate materials and suggests their possible 
use at high temperatures. The exothermic 
peaks around 425 °C, average TiO2-Mt/oven in-
tensities, and relatively low TiO2-Mt/MW corre-
spond to the formation of the anatase phase 
[50]. The profile of the two thermogravimetric 
TG and DTG (Figure 4(a) and (b)) curves are 
virtually identical for both photocatalysts. It 
shows a loss of first mass starting from 100 °C, 
followed by progressive losses between 400 °C 
and 550 °C, then light up to about 1100 °C. The 
remarkable weight losses occurred in two stag-
es: 100 °C and 400-670 °C. The first step is the 
loss of physically adsorbed water, while the sec-
ond is attributed to the dehydroxylation of the 
clay structure and the elimination of the re-
maining hydroxide groups from the pillars and 
even the transformation of the pillars into to 
crystalline TiO2 [51]. 
These curves thus confirmed a good thermal 
stability of the pillar clays, the total loss in 
weight is about 7.7% and 12.7% attributing to 
TiO2-Mt/oven and TiO2-Mt/MW, respectively. 
According to the point of zero charge analysis 
(Figure 5), the pHpzc of the surface of TiO2-
Mt/MW is 5.2 and 5 for TiO2-Mt/oven. There-
fore, the TiO2-Mt surface has positive charge at 
pHs lower than pHpzc and negative charge at 
pHs higher than. Thus, at pH values near the 
pHpzc, the neutral dye molecules can be ad-
sorbed on the overall non-charged TiO2-Mt sur-
face owing to intermolecular interactions. 
 
3.2 Adsorption Experiments 
The adsorption results of the dyes have 
been illustrated in Figure 6 (a) and (b). The ad-
sorption capacity of the DV1 reached equilibri-
um at 105 min was 19.3% and 34% for TiO2-
Mt/oven and TiO2-Mt/MW, respectively. Mean-
while, it was 25.6% for DY106 at 105 min with 
TiO2-Mt/MW, but the adsorption capacity of it 
in the presence of TiO2-Mt/oven is only 2% at 
15 min approximately. 
The azo dye DY106 is weakly adsorbed com-
pared to the anthraquinone dye DV1 and in ad-
dition, the adsorption on TiO2-Mt calcined un-
der microwave is greater than that calcined in 
the oven. This adsorption capacity of TiO2-Mt 
calcined under microwave compared with that 
calcined in the oven, it is related to the width 
of the range of the PZC field from pH 2.5 to pH 
6, by that obtained by the conventional method 
varies from pH 2.5 to 4.5. From these adsorp-
tion results, it can be deduced that the DV1 an-
thraquinone dye is in its positively charged dis-
sociated form (cationic form) and that the azo 
Figure 6. Adsorption profile of a) DY106 and b) DV1: [TiO2-Mt] = 1 g/L, [Dye] = 50 mg/L, T = 19±1 °C, 
pH = 6.3. 
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dye DY106 exists mainly in anionic form of the 
same charge as the photocatalysts. 
The adsorption of the dye molecules present 
in solution on TiO2-Mont is done by physical 
(electrostatic) adsorption as a function of time 
and is carried out in several steps: (a) transport 
of the dye molecules in solution to the limit lay-
er surrounding the particle from TiO2-Mont; (b) 
transport of the dye molecules through the lim-
it layer to the outside of the TiO2-Mont particle; 
(c) diffusion of dye molecules inside the pores; 
(d) physisorption of dye molecules on the inter-
nal surface (adsorption sites) of TiO2-Mont. The 
degradation of the molecules takes place after 
the adsorption step, since the latter corre-
sponds to the fixation of the molecules, it is due 
to electrostatic forces between the colored solu-
tion and the surface of the solid, involving low 
energies; thus leaving in turn the other mole-
cules present in solution to follow the same 
fate. 
A relationship between the surface charge of 
the catalyst and that of the dye is established 
during adsorption. The zero charge point of 
TiO2 is 5.3, therefore, the surface of TiO2-Mont 
is positively charged in acidic medium while it 
is negatively charged in basic medium. Thus at 
pH 4, the electrostatic attraction of the posi-
tively charged catalyst results in a strong ad-
sorption of the dye (considerable adsorption 
rate) which in turn is negatively charged. TiO2-
Mont behaves like a strong Lewis acid and, on 
the other hand, the dye acts like a strong Lewis 
base. 
On the other hand, at basic pH, there is ad-
sorption of hydroxide anions instead of the dye 
molecules leading to neutralization of the 
charge of the catalyst. 
 
3.3 Photolysis, Sonolysis, and Sonophotolysis 
Experiments 
We note that the behavior of the two dyes 
(azo and anthraquinone) is virtually similar 
throughout the processes mentioned previously 
for DY106 and DV1. Before sonocatalytic, pho-
tocatalytic, and sonophotocatalytic processes, 
photolysis, sonolysis, and sonophotolysis were 
investigated (Figure 7(a) and (b)), the aqueous 
solution of dyes was exposed to ultrasound or 
lamp irradiation and the change of dye concen-
tration was monitored using UV-VIS spectro-
photometer. The photolysis and sonolysis pro-
cesses as well as their couplings in the absence 
of the photocatalysts, consists in the irradia-
tion of the colored solution to be treated, by a 
UV radiation or submission of this one to the 
ultrasound or to the coupling of the two, show 
the stability of the two dyes with respect to the 
UV rays and the ultrasounds. 
In the photolysis (8.4% and 0.5%) and so-
nolysis (10% and 6%) processes, no observed 
decrease in C/Co with respect to irradiation 
time, indicating that there is no discoloration 
of DY106 and DV1, respectively. However, 
their coupling in the absence of photocatalysts 
has led to an elimination of 20% and 30% for 
the anthraquinone dye DV1 and the azo dye 
DY106, respectively, due to the presence of the 
hydroxyl radicals obtained by the cavitation 
phenomenon and those derived from UV rays 
photolysis process. 
Figure 7. Degradation of a) DY106 and b) DV1 by photolysis (UV), sonolysis (US), and sonophotolysis 
(US+UV) processes: [Dye] = 50 mg/L, T = 19±1 °C, pH= 6.3. 
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3.4  Effect of Calcinations Mode in Photocataly-
sis, Sonocatalysis, and Sonophotocatalysis Ex-
periments  
A concentration of TiO2-Mt (1 g/L) is con-
tacted with 50 mg/L of dye solution (DY106 or 
DV1) for degrading by sonocatalytic and photo-
catalytic processes. However, the sonocatalytic 
degradation (US + TiO2-Mt) of the dyes is slow-
er, with medium rate, while under photocataly-
sis process (UV + TiO2-Mt), the degradation oc-
curred at a relatively high rate. The results ob-
tained are shown in Figure 8(a), (b), (c), and 
(d). The TiO2-Mt/oven photocatalyst has a low 
activity, during the photocatalytic, sonocatalyt-
ic, and sonophotocatalytic processes, compared 
to TiO2-Mt/MW, it was 28.2% and 40.3% (US + 
TiO2-Mt/oven), 33% and 48% (UV + TiO2-
Mt/oven), 81% and 70% (US + UV + TiO2-
Mt/oven), 97% and 86% (US + UV + TiO2-
Mt/MW), opposite to 50% and 45% (US + TiO2-
Mt/MW), 60% and 70.3% (UV + TiO2-Mt/MW), 
respectively for DY106 and DV1. The calcina-
tion in the oven is heterogeneous whatever the 
calcined medium, in which the phenomenon is 
slow and tends toward thermal equilibrium. It 
took about 100 min to reach the desired calci-
nation temperature 400 °C, while it is homoge-
neous under microwave, based on the direct ab-
sorption of energy by the product. The temper-
ature can become stronger in the core of the 
material than on its surface, which accelerates 
the internal evaporation [52]. 
The photocatalytic tests carried out with 
photocatalysts calcined under microwave are 
more efficient than their counterparts calcined 
in the oven under UV irradiations or under ul-
trasound and the results obtained under UV ir-
radiation are better for the two dyes studied. 
However, the degradation rate for the DY106 
Figure 8. Effect of calcinations mode in photocatalytic (UV), sonocatalytic (US), and sonophotocatalyt-
ic (US+UV) degradation of DY106 (a,b) and DV1 (c,d) in presence of TiO2-Mt/oven and TiO2-Mt/MW 
respectively: [TiO2-Mt] = 1 g/L, [Dye] = 50 mg/L, T = 19±1 °C, pH = 6.3. 
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dye is higher. These results show the im-
portance of hydroxyl radicals through UV irra-
diation which are largely efficient than those 
produced during the implosion of air bubbles 
during the phenomenon of cavitation. 
According to the results obtained previously, 
the sonophotocatalytic tests performed with the 
coupling of ultrasound with UV irradiation, es-
pecially in the case of the photocatalyst pre-
pared during the calcination by microwave, al-
low an almost total elimination of the dyes af-
ter 3 hours, particularly for the DY106 azo dye. 
This selectivity for the degradation of this azo 
dye is due to molecular form characterized by 
its low ionization rate. 
Given the best activity of TiO2-Mt/MW, we 
have chosen to continue its application in this 
study. In the sonophotocatalytic process, the 
TiO2-Mt is irradiated by ultraviolet radiation in 
the presence of ultrasonic waves. This combina-
tion offers a synergistic effect which increases 
the rate of degradation of the dyes, due to high-
ly reactive free radicals. The latter are generat-
ed consecutively by the electron-hole pairs cre-
ated by the excitation of TiO2-Mt particles by 
ultraviolet radiation and by the action of ultra-
sound, thus increasing their concentration in 
solution; therefore creating the synergistic ef-
fect in sonophotocatalysis. 
On the other hand, the improvement in deg-
radation can also be explained by the increase 
in mass transport of chemical species between 
the solution phase and the surface of the cata-
lyst and, the additional yields of OH• radicals 
by acoustic cavitation. In addition, the continu-
ous cleaning of the surface of TiO2-Mt by acous-
tic cavitation could also play a role in the modi-
fication of the photocatalytic speed, so the use 
of ultrasound creates conditions of increased 
turbulence in the liquid, thus reducing the lim-
its of mass transfer and increases the specific 
surface and therefore the catalytic perfor-
mance. 
The photoexcitation of Mont-TiO2 occurs by 
the absorption of a photon of wavelength ≤ 365 
nm creating electron-hole pairs. The electron in 
the conduction band is available for reduction 
and the hole in the valence band is available 
for oxidation. The hole then reacts by electron 
transfer with the adsorbed water to form a rad-
ical species which is the hydroxyl radical OH•, 
similarly produced by acoustic cavitation 
(sonolysis of water), which is a powerful oxi-
dant, attacks the compounds organic (dye mole-
cules) and intermediate compounds. These in-
termediates also react with hydroxyl radicals to 
give final products. 
(3) 
 
(4) 
 
(5) 
 
(6) 
 
(7) 
 
(8) 
 
(9) 
 
3.5  Comparative Study Between TiO2-Mt/MW 
and TiO2-P25 Degussa in Sonophotocatalysis 
Experiments 
For comparison, the behavior of TiO2-P25 
(0.5 g/L) was also investigated as a reference 
under the same conditions for sonophotocata-
lytic degradation. The sonophotocatalytic deg-
radation of the two dyes has reached the maxi-
mum rate of decolonization when compared 
with the sonocatalytic and photocatalytic pro-
cesses, (US + UV + TiO2-Mt/MW) and (US + 
UV + TiO2). TiO2-Mt/MW has a pHpzc equal to 
5.2, a value close to that of the commercial 
TiO2 (5.3), resulting that their behavior is how-
ever similar (Figure 9(a) and (b)), the decolora-
tion rate reaches 97% for TiO2-Mt/MW and 
TiO2-P25, (86% and 70%) after 3 hours of reac-
tion for DY106 and DV1, respectively. There-
fore, the results confirm the effectiveness and 
the good activity of the photocatalyst TiO2-
Mt/MW. 
In addition, the presence of ultrasound en-
hances the interaction of dyes (DY106 and 
DV1) with the electronic charges generated 
during the catalytic process (presence of TiO2-
Mt). Therefore the maximum charge carrier 
was achieved during the sonophotocatalytic 
degradation of dyes. In the sonophotocatalysis, 
the ultrasonic waves act on the whole volume 
of the photocatalyst, the whole mass of the lat-
ter participates in the oxidation reaction, so 
the synergistic effect of UV and ultrasound 
generates a higher local concentration of reac-
tive species, in particular hydroxyl radical 
(OH•) [53], the hydrogen (H•) radicals fol-
lowed by hydroperoxyl radicals (HO•2) and hy-
drogen peroxide are generated [1]. 
Thus, this increase in the production of hy-
droxyl radicals in the reaction mixture is fol-
lowed by an improved mass transfer of organic 
substances between the liquid phase and the 
catalyst surface and by an excitation of the lat-
ter by luminescence induced by ultrasound 
2 2- -
hv
bv bcTiO Mont TiO Mont h e
+ −⎯⎯→ + +
bv bchv e heat
+ −+ ⎯⎯→
2 ads bv adsH O h OH H
+ ++ ⎯⎯→ +
))))
2 adsH O OH H⎯⎯→ +
2 - adsTiO Mont Dye Dye+ ⎯⎯→
ads adsDye OH Intermediates+ ⎯⎯→
2 2adsIntermediates OH Final product H O CO+ → → +
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which has a wide range of wavelengths below 
375 nm. This phenomenon leads to increase in 
the catalytic activity of the photocatalyst. Fi-
nally, a cleaning and a sweeping of the catalyst 
surface due to the acoustic micro-diffusion al-
lows more active catalyst sites to be available 
for the reaction [22], which concluded the bene-
ficial effect of the coupling photocatalysis with 
sonolysis. 
 
3.6 Effect of pH Solution in Sonophotocatalysis 
Experiments 
The pH plays an important role in the sono-
photocatalytic degradation of colored solutions, 
it was adjusted by adding 0.1 N HCl or 0.1 N 
NaOH. The effect of the three pH (4, 6.3 and 
10), is illustrated in Figure 10, representing the 
variation of the C/Co as a function of time, re-
vealing a better performance of the sonophoto-
catalytic degradation which is obtained in acid 
medium (pH = 4). The influence of pH on the 
removal rate is intimately related to the photo-
catalyst PZC and therefore, the best degrada-
tion rate is in the region just above the PZC, 
but also prevents the interference of the cation-
ic forms of the dyes with the hydroxide anions 
of the basic medium.  
The degradation rate reaches the maximum 
(100%) for 3 hours of reaction, in the acidic me-
dium, resulting from the electrostatic attrac-
tion of the positively charged photocatalyst and 
the ionized dye, followed by the pH of the solu-
tion, then a decrease of this rate to pH = 10. At 
this pH, the molecules of the anionic dye move 
Figure 10. Effect of pH solution in sonophotocatalytic degradation of a) DY106 and b) DV1: [TiO2-
Mt/MW] = 1 g/L, [Dye] = 50 mg/L, T = 19±1 °C. 
Figure 9. Sonophotocatalytic degradation of a) DY106 and b) DV1: effect TiO2-Mt/MW and TiO2-P25 
Degussa: [TiO2-Mt/MW] = 1 g/L, [TiO2-P25] = 0.5 g/L, [Dye] = 50 mg/L, T = 19±1 °C, pH = 6.3. 
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away from the negatively charged photocata-
lyst surface [54]. TiO2-Mont/MW has a pHpzc 
equal to 5.2 (pH < 5.2). Mahmoodi and Arami 
[55] confirmed that when the pH of the polluted 
solution is lower than the pHpzc. Its surface is 
positively charged in an acid medium, resulting 
an electrostatic attraction between the positive-
ly charged surface of photocatalyst and anionic 
dyes. Meanwhile, with increasing pH of the re-
action medium, the number of negatively 
charged sites increases, thereby creating elec-
trostatic repulsion. 
In the sonophotocatalysis, the OH• radicals 
are in a high rate compared to photocalytic or 
sonocatalytic processes. At low pH values 
(acidic pH), the dye molecules are at the bubble 
interface, with higher concentrations to OH•, 
thus able to penetrate the cavitations bubbles, 
since they are essentially in their neutral form 
[14]. 
 
4. Conclusion 
In this study, the experimental results 
showed that the characterization of TiO2-Mt 
nanoparticules by XRD, XRF, BET, SEM, 
TG/DTA and pHpzc analyses confirmed the in-
tercalation of TiO2 in montmorillonite, while 
the calcination with microwave is more effi-
cient, allowing the acquisition of a better activi-
ty to the photocatalyst.  
The TiO2-Mt photocatalysts were successful-
ly used for sonophotocatalytic degradation of 
dyes DY106 (azo) and DV1 (anthraquinone) in 
aqueous media, where the rate of degradation 
was slow by sonolysis and photolysis. Mean-
while, the presence of photocatalyst improved 
the removal rate of both dyes. It was clearly 
better in the case of photocatalysis compared to 
obtained with sonocatalysis process, proving 
the effectiveness of the microwave calcination 
method. Meanwhile, a strong synergy was ob-
served by the coupling of UV, US and TiO2-
Mt/MW (sonophotocatalytic process), which 
proves the high catalytic activity of the photo-
catalyst and a better degradation obtained in 
acid medium followed by the pH of the solution. 
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